Persisters are multidrug-tolerant cells that are present within antibiotic-sensitive populations. Persister formation is not induced by genetic mutations, but rather by changes in the degree of expression of some genes. High redundancy has been observed among the pathways that have been hypothesized to respond to specific stresses. In this study, we conducted RNA sequencing of Escherichia coli persisters under various stress conditions to identify common mechanisms. We induced stresses such as glucose or amino acid exhaustion, acid stress and anaerobic conditions, all of which are encountered during bacterial pathogenesis. We found that most genes are differentially expressed depending on the specific stress condition; however, some genes were commonly expressed in persisters in most stress conditions. Commonly expressed genes are expected to be promising therapeutic targets for combating persistent infections. We found that knockdown of aldehyde dehydrogenase (aldB), which was expressed in every condition except for acid stress, decreased persisters in the non-stressed condition. However, the same strain unexpectedly showed an increased number of persisters in the amino acid-limited condition. Because the increase in persister number is glycolytic metabolite-dependent, metabolic flow may play a crucial role in aldB-mediated persister formation. These data suggest that environmental stresses alter persister mechanisms. Identification of environmental influences on persister formation during pathogenesis is therefore necessary to enabling persister eradication.
Many studies have proposed molecular mechanisms for persister formation. Early genetic screening has suggested that TA systems increase persister numbers (5) (6) (7) . A gain of function mutant of the hipA toxin (hipA7) is reportedly responsible for at least a 100-fold increase in persister formation (8) . Analysis of gene expression in persisterenriched samples has also indicated upregulation of various TA systems in persisters, several authors having shown that persistence is reduced by deleting TA loci (9, 10) . Harms et al. finding that previously reported phenotypes of 10 TA deletion mutants do not hold true in the absence of f80 has resulted in important sets of TA modules in persister formation remaining elusive (11) . Currently, there is evidence that the mechanisms underlying persistence are highly redundant. Various studies have identified numerous other genes and pathways related to persister formation. These include the stringent response (12, 13) , ROS defense (14) , efflux pumps (15, 16) and metabolic homeostasis (17) (18) (19) (20) . These redundant pathways are hypothesized to respond to specific stresses, potentially resulting in persister heterogeneity. Balaban et al. suggested in an early study that persisters in a wildtype population consist of three subpopulations: normal cells; stationary phase-induced persisters (type I), and continuously generated persisters (type II) (1) . Other studies have found that acid treatment (21) , antibiotics (22) and nutrient shifts (23, 24) can lead to the formation of persisters in vitro. During pathogenesis, a three-dimensional matrix of biofilms and the host immune system provides a variety of stresses, such as limited access to nutrients, quorum sensing and acidification in macrophages (20, 25, 26) . These complex environmental stresses are also thought to trigger persister formation.
Most insights into bacterial persistence have been obtained using screening techniques that enable isolation of mutants exhibiting different frequencies of persisters. Screening of transposon insertion mutants (27) , expression libraries (28) and the Keio collection (29) has identified many genes and pathways. We previously constructed a cell division marker for E. coli that enables us to distinguish non-dividing from dividing cells based on FtsZ. Bacterial cell division is initiated by formation of the Z-ring, which is a ring-like structure formed by FtsZ in the mid cell. The constructed fusion protein (mYPet-ftsZ-mCyPet) emits a Z-ring-specific FRET signal only during cell division. We have successfully enriched persisters on the basis of their low FRET signals by using a cell sorter (30) . Transcriptome analysis of persister-enriched samples is also useful for identifying genes that play crucial roles in persistence (31) (32) (33) (34) (35) . The objectives of the present research were to investigate persister heterogeneity in different stress conditions (nutrient exhaustion, acid stress and anaerobic conditions) and to identify any common molecular mechanisms shared by the different types of persisters. These findings will help to clarify important relationships between phenotypic changes in response to stress and the mechanisms of persister formation.
MATERIALS AND METHODS

Bacterial strains and growth conditions
The strains used in this study are listed in Table S1 . The E. coli VIP205 strain was used for stress conditions examination, cell sorting and RNA sequencing and the E. coli K-12 MG1655 strain for aldB knockdown and the persister assay. Bacteria were grown in LB medium or MOPS minimal medium supplemented with 5 mM glucose and 0.2% CAs with aeration (200 rpm) at 37°C. PT5-lac, PBAD and PLtetO-1 promoters were induced by addition of 10 mM isopropyl b-D-1-thiogalactopyranoside, 0.01% arabinose and 0.1 mM aTc respectively. Antibiotics were used at the following concentrations: ampicillin, 100 mg/mL; ofloxacin, 5 mg/mL; kanamycin, 20 mg/mL; and chloramphenicol, 25 mg/mL. Stress was induced as described in the following sections.
Nutrient starvation
Cultures were grown in MOPS minimal medium supplemented with only CA (wo_glc) or glucose (wo_CA).
Acid stress
Cultures were grown in MOPS minimal medium adjusted to pH 4, 5 or 6 by adding HCl.
Anaerobic
Bacteria were cultured in MOPS minimal medium supplemented with 5 mM glucose and 0.2% CA in an anaerobic chamber containing 80% N 2 , 10% CO 2 and 10% H 2 at 37°C.
Construction of gene knockdown strains
PCR primer sequences are listed in Table S2 . The CRISPRi technique was used to construct knockdown strains (36) . A relA/spoT double-knockdown strain derived from VIP205 was constructed using the pdCas9 plasmid (37) . pdCas9 was linearized by BsaI digestion and the oligo DNA (relA_spoTi_f/r) cloned into the linearized pdCas9. pdCas9_bacteria containing the dCas9 sequence and pgRNA_bacteria containing the gRNA sequence were used for the aldB knockdown strain derived from MG1655. Guide RNA for aldB was cloned into pgRNA_bacteria using primers (aldBi_f/r). All plasmids were amplified in E. coli strain JM109 (Takara Bio, Shiga, Japan) and then isolated and purified using a FastGene Plasmid Mini Kit (Nippon Genetics, Tokyo, Japan). The plasmid sequences were confirmed at Fasmac (Kanagawa, Japan) and each plasmid introduced into VIP205 or MG1655. Knockdown was confirmed by quantitative RT-PCR of the target genes.
Quantitative RT-PCR
Total RNA was purified using a RNeasy Mini Kit (Qiagen, Valencia, CA, USA) according to the manufacturer's instruction. Reverse transcription reactions were performed using a PrimeScript RT reagent kit with gDNA Eraser (Takara Bio). Reactions were performed in a total volume of 25 mL containing 12.5 mL of SYBR Fast qPCR Mix (Takara Bio), 1.0 of each primer (10 mM), 8.5 mL of molecular grade H 2 O and 2 mL of template DNA adjusted to 2 ng DNA/mL
À1
. PCR and fluorescence measurements were performed using a StepOnePlus RealTime PCR System (Thermo Fisher Scientific, MA, USA, USA) with the following program: preheating at 95°C for 30 s, followed by 40 cycles of denaturation at 95°C for 5 s and annealing and extension at 60°C for 10 s. The second derivative maximum method was used to determine the crossing point value automatically. All samples, including control reactions without template DNA, were measured in biological triplicate.
Cell sorting
Dormant cells in the E. coli cultures were sorted according to the method of Matsumoto et al. (30) . The E. coli persister marker strain VIP205_pSMV was cultured in 15 mL culture tubes, each containing 5 mL of MOPS minimal medium (non-stress, pH 6, wo_glc, wo_CA, and anaerobic conditions) and incubated at 37°C. Overnight cultures were collected by centrifugation (8000 g, 2 min) and resuspended in PBS (pH 7.2) containing 0.01% arabinose. Cells were sorted using an AriaII cell sorter with a 100-mm nozzle (BD Biosciences, San Jose, CA, USA). The fractions containing microorganisms were determined using forward and side scatter parameters. FRET was measured by exciting cells with a 405-nm laser and identifying FRET emission with a 530/30 nm filter. The dimmest cells (P1 fraction) were sorted directly into 5 mL sampling tubes. A total of 2,000,000 events were sorted for each fraction. To prevent deterioration of strength of mRNA expression, sorted cells were kept at 4°C and removed and lysed every 20 min.
RNA sequencing
Three independent sortings and RNA purifications were performed with each sample. Total RNA was purified using RNeasy Mini Kits (Qiagen) according to the manufacturer's protocol. Total RNA was precipitated using ethachinmate (Nippon Gene, Toyama, Japan). The quality of the extracted RNA was examined by a bioanalyzer (Agilent Technologies, Foster City, CA, USA). An Agilent SureselectXT RNA target enrichment system was used to prepare a complementary DNA library. Complementary DNA was sequenced using a Illumina Hiseq2500 sequencer (paired-end 100 bp sequencing). Sequencing reads (mean 10 8 reads per sample) were mapped to the K-12 MG1655 genome (Refseq NC_000913) using CLC Genomics Workbench v5.5.1, which allows up to two mismatches per read. To examine differential expression of replicated count data, RNA sequencing (RNA-Seq) counts were analyzed by edgeR (38) . Only genes with expression greater than À5 log 2 count per million were considered. The genes with greater counts than this comprised 78.1% (non-stress), 77.9% (pH 6), 77.7% (wo_glc), 83.5% (wo_CA) and 80.7% (anaerobic) of all genes. Genes with a FDR of < 0.05 were considered to have changed significantly. To categorize the significantly changed genes into functional units in order to monitor coordinated responses, the Kyoto Encyclopedia of Genes and Genomes Pathway database (39) and the transcription factor regulatory information contained in RegulonDB (40) were utilized.
The sequence data from all of the RNA transcripts of sorted cells used in this work are available from the DDBJ Sequence Read Archive under the accession number DRA005824.
Persister assay
Diluted thawed cells (stored at À80°C) from 20% glycerol stocks were cultured overnight and incubated in LB medium with aeration for 16 hr. The cultures were diluted 100-fold in MOPS stress medium supplemented with 0.1 mM aTc and incubated for 3 hr (exponential phase) or 20 hr (stationary phase) before antibiotic treatment. Persisters were measured by determining the number of CFUs after exposure to 5 mg/mL ofloxacin. Two milliliters of exponential or stationary cell culture was treated with ofloxacin and incubated for 3 hr at 37°C. The cells were collected by centrifugation (8,000 g, 2 min), washed with PBS, diluted in PBS, and spotted on an LB agar plate. The plates were incubated for 16 hr at 37°C and the CFUs determined. At least three biological replicates were performed for each experimental condition.
Statistical analysis
Data are presented as the mean AE SEM of three or more independent cultures. Statistical significance of persister formation was assessed using a two-tailed unpaired Student's t-test. The statistical significance of RNA-seq was assessed by FDR calculated using the edgeR package.
RESULTS
Environmental stresses induce different types of persisters
To identify gene expression in stressed persisters, E. coli was cultured in several stress conditions (glucose or amino acid exhaustion, acid stress and anaerobic conditions). When we imposed severe acid stress (pH 4.0 and 5.0), the bacteria grew more slowly (Fig. 1a) .
Most cells cultured in a medium at pH 5.0 survived after ofloxacin treatment (Fig. 1b) . Biphasic killing has been proposed as an important definition of persisters in recent studies (41) . However, in this study, biphasic killing was not observed in severe acid conditions. We therefore considered that the new quinolone antibiotic is inactivated by low pH and that the surviving cells might not be persister cells and accordingly used pH 6.0 for acid stress in this study. Mild acid, nutrient-limited medium and anaerobic conditions did not affect persister frequency in stationary phase cells (Fig. 1c) . Bacteria responded to stress more in the exponential than in the stationary phase (Fig. S1 ). Next, we evaluated the effect of environmental stress on activity of a well-known pathway. relA/spoT is a major pathway for persister formation. Mutants that cannot produce either RelA or SpoT exhibit defective persister formation during exponential growth, in biofilms and in the stationary phase (6, 12) . In the current study, we constructed a relA/spoT knockdown mutant using CRISPRi (Fig. S2 ). These mutants significantly decreased persister frequency in non-stress and amino acid-starved media (Fig. 1c) . In other stress conditions, there were fewer persisters than that in the no-gRNA control; however, this difference was not statistically significant. This result suggests that the relA/spoT pathway contributes more to persister formation in non-stress or amino acid starved conditions, the contribution being relatively low in other conditions. It also suggests that different persister genes make variable contribution in different stress conditions, as suggested in previous reports (42) .
Transcriptome analysis revealed phenotypic differences of persisters in stress conditions
We sorted stationary-phase populations of the E. coli VIP205_pSMV strain cultured in stress conditions with an AriaII cell sorter using CFP/YFP FRET signals. The strain produces a fluorescently tagged version of the FtsZ protein (mYPet-ftsZ-mCyPet) as a persister marker. The fusion protein contains the fluorescent proteins CFP and YFP at both the N-and C-termini of FtsZ. mYPet-FtsZ-mCyPet Fig. 1 . Effects of environmental stress on persister number and mechanisms. (a) The OD 600 of E. coli VIP205 strain was measured in MOPS minimal medium supplemented with 5 mM glucose, 0.2% CA, 10 mM isopropyl b-D-1-thiogalactopyranoside with acid stress (pH 4-7). Lower pH reduces the growth rate. (b) VIP205 was diluted in acid stress medium and incubated overnight. The overnight culture was treated with ofloxacin for 5 hrs and surviving persisters were measured. Cells cultured in a medium at pH 4 did not form colonies. (c) A VIP205 relA/spoT doubleknockdown strain and no-gRNA control were cultured in stress conditions overnight. Stationary phase cells were treated with ofloxacin for 3 hrs. Significant changes were observed only in the non-stress and amino acid-starved media. In the other stress conditions, the relA/spoT doubleknockdown strain showed slightly less persister formation.
Ã , significant difference between no-gRNA control strain and relA/spoT doubleknockdown strain (P < 0.05, t-test). At least three biological replicates were performed for each experimental condition. Each data point represents the mean value AE SEM.
polymerization to form Z-rings in dividing cells brings CFP and YFP into close proximity, leading to FRET. Actively dividing cells therefore emit higher FRET signals than do dormant persisters (30) . The protein does not emit fluorescence in anaerobic conditions because maturation of fluorescent proteins requires oxygen. However, immediately after preparing samples in aerobic conditions, FRET signals increased and we found that the cells consisted of two strikingly different populations (Fig. S3) . We considered that the Z-ring of mYPet-FtsZ-mCyPet, already synthesized in anaerobic conditions, had likely matured during sample preparation. To sort anaerobic persisters, we sorted cells after 30 min aerobic incubation, dividing them into bright and dim subpopulations (P1 subpopulations) according to their FRET signals (Fig. S4) . We sorted the P1 subpopulations in phosphate buffer. Because Z-rings are not formed in dormant cell, we expected dormant cells to be included in the lower FRET signal fraction. For analysis of gene expression profiles, we purified total RNA from the sorted dim cells in stress conditions and active cells in non-stress conditions as controls. We mapped sequencing reads to the E. coli genome and subsequently analyzed the count data by edgeR. We defined genes that were differentially expressed in dim cells than in active cells as genes with an FDR of below 0.05 and found that 256-847 genes were upregulated in persisters, whereas roughly the same number of genes was downregulated. Gene expression clustering revealed that the phenotypes of persisters in each condition were quite different, few genes being common between stresses (Fig. 2a) .
First, we analyzed differences in gene expression profiles. Although persisters induced by nutrient starvation (wo_CA and wo_glc) exhibited similar gene expression profiles, persisters in other environments, especially the anaerobic condition, exhibited significantly different profiles. Expression of previously reported persister genes also differed depending on the environmental stress. The TA system genes mazF, yoeB, yafQ, mqsR and hipA were upregulated in anaerobic persisters, whereas in the other four media, these genes were not upregulated. Instead, some stress response genes were expressed: dnaK and crp in nonstress; clpB and tnaA in pH 6; spoT, lon, and obgE in wo_CA; and glpD in wo_glc.
To further distinguish genes that are unique to the persisters in each stress condition, we analyzed the functions of the 30 genes with the lowest FDR to determine the characteristics of stressed persisters (Fig. 2b and Table S3 ). Non-stress persisters comprised more transporters (araE, actP, mtr, araH, yccA, araF and ytfQ) and fatty acid metabolism genes (fadA, B, D, E, J and L). Beta oxidation of fatty acids is a catabolic reaction that generates acetyl CoA and nicotinamide adenine dinucleotide as carbon and energy sources. This reaction is activated by CRP-cAMP (43), suggesting carbon limitation in persisters. We found that acid stress persisters are fundamentally similar to non-stress persisters. More than one-third of the genes were transporters and we detected more stress-inducible genes (dps, aldA, acs, yaeG and dnaK) than non-stress persisters. In the glucose starvation medium, 10 of 14 upregulated genes were ribosomal proteins. Cho et al. have reported that ribosome-associated proteins differ between persisters and normal cells, resulting in transcriptional suppression (44) . In the amino acid starvation medium, there were few upregulated genes in persisters; however, some metabolism-related genes (cys, ilv and metE) were more strongly expressed. In anaerobic persisters, we found that small RNAs were increased. Small RNAs can bind to protein or mRNA and regulate gene expression (45); however, they have not been well characterized.
Transcriptome analysis also shows that persisters in stress conditions have phenotypic similarities
In contrast, some genes were commonly expressed in stressed persisters. We focused on these genes as promising targets for persister eradication. Only one gene was upregulated in all conditions; the gene expression profiles of anaerobic persisters were completely different from those of the other stressed persisters, as described above. Therefore, we also considered genes that were expressed in more than four conditions (37 genes; Fig. 3 and Table S4 ). First, the sole gene detected in all conditions, arginine succinyltransferase (astA), is a catalase in the AST pathway (46) . The AST pathway, the major arginine-degrading pathway, includes five reactions (catalyzed by AstA, B, C, D and E). According to our transcriptome analysis, astC, astD and astE were upregulated in four conditions, the exception being the anaerobic condition. This pathway yields two molecules of ammonia and two of glutamate and can satisfy nitrogen requirements, suggesting a nitrogen starvation response in persisters. In addition, given that AST genes are expressed in a medium without arginine, persisters may catabolize their own cellular components to survive. Because we detected additional nitrogen starvation response genes among the commonly expressed genes (8/37 genes), we suggest that nitrogen starvation is an important inducing factor for persister formation in our experimental conditions. An additional nine genes were transporters, including ABC transporters and H þ symporters. The expression profile obtained in this study suggests that persisters try to take up some amino acids, galactose and fatty acids for regrowth in the appropriate environment. We also found some stress response genes to be upregulated. Expression of Dps, which is required for the starvation response, is induced in stationary phase. Dps has been shown to bind to DNA and protect it from oxidative damage (47) . Maintaining low levels of ROS or dampening the stress response itself may be closely related to persister formation. NfuA, an ironsulfur scaffold protein, is required for utilization of DNA as a carbon source (48) . NfuA-null mutants have a severe growth defect under ROS stress and iron starvation conditions. AldA and AldB are NAD þ -dependent aldehyde dehydrogenases (49, 50) . Expression of these genes, which is regulated by catabolite repression, is Table S3 . [Color figure can be viewed at wileyonlinelibrary.com] Fig. 3 . Similarity in upregulated gene between assessed stress conditions. Genes that were expressed in more than four conditions are highlighted. See also Table S4 . activated during short-term adaptation to glucose limitation.
To categorize upregulated genes by biological functions, we performed Kyoto Encyclopedia of Genes and Genomes Gene Ontology enrichment analysis. This analysis suggested that some broad classifications such as carbon metabolism are upregulated in persisters. However, distinct differences and similarities between each stress condition were unclear. We next employed the RegulonDB database of known transcription factor connections to focus on transcription factors with targets that were significantly enriched in our RNA-Seq data. This analysis revealed the CRP regulon was upregulated in the sorted persisters, with the exception of the wo_CA persisters (Table S5 ). The transcriptional regulator CRP regulates expression of 518 genes according to RegulonDB via binding of its allosteric effector cAMP and many of these genes are involved in catabolism of secondary carbon sources. It has been proposed that cAMP increases persistence by stimulating RelA expression to produce the stringent response alarmone ppGpp (23) . In contrast, Kwan et al. have shown that reducing internal cAMP concentrations via cAMP-specific phosphodiesterases leads to the opposite effect (51) . These data suggest the effect of cAMP on persistence is complex. In our experimental conditions, the CRP-cAMP regulon was enriched in persisters, suggesting that this pathway can induce persister formation. In addition, the genes regulated by NtrC, NarP and Nac, which are related to nitrogen starvation, were enriched in persisters. NtrC seems to be an important regulator for persister formation because eight of the 37 commonly expressed genes listed in Table S4 are activated by NtrC. In addition, transcription of relA, a key gene responsible for the synthesis of ppGpp, is strongly activated by NtrC during the nitrogen starvation response (52) . Thus, nitrogen starvation may be a key factor in persister formation.
Knockdown of aldB decreases persister frequency in an environment-specific manner
Because we compared several stress conditions to a nonstressed control, it is possible that the identified genes include both persister-specific genes and genes that are controlled by the stress-induced pathway. We therefore needed to confirm that the commonly expressed genes are associated with persister formation. To assess involvement of individual genes in the persistence of E. coli, we constructed engineered strains that enabled suppression of expression of genes commonly expressed in some stress conditions. First, we used ofloxacin and LB medium to assess the persister frequency of the knockdown strain in the exponential phase. Knockdown of astA, which was expressed in all conditions, did not alter persister formation, whereas knockdown of some genes significantly decreased persister formation (Fig. S6) . We focused especially on aldB because our previous research revealed that fermentation induces persister formation (Fig. 4a) . Amount of persister of an aldB interference (aldBi) strain without aTc was the same as that in the no-gRNA control and addition of 1 mM aTc led to a decrease in persisters. Addition of aTc did not alter the persister frequency without gene knockdown, as evidenced by the no-gRNA strain not having an altered persister frequency with a high aTc concentration. We observed biphasic kill curves in every experiment, indicating that decreased survival of aldBi is attributable to an alteration in ofloxacin persistence and not tolerance in E. coli. Given that aldB was expressed in every stress condition except for pH 6, we hypothesized that this gene would also be important in stress conditions; nevertheless, the persister frequency decreased only in non-stress conditions (LB and MOPS minimal medium containing glucose and amino acids). The proportion of persisters was not altered in pH 6, wo_glc or anaerobic conditions and, interestingly, the same strain showed increased persister counts in wo_CA conditions (Fig. 4b) . Efficient knockdown of aldB in each stress condition was validated by qRT-PCR (Fig. S5) . Also, in stationary phase cells knockdown of aldB decreased persister only in the non-stress condition. (Fig. 4c) . Persister frequency of the aldBi strain in the exponential phase suggests that differences in the media between the non-stress and wo_CA (only glucose) completely altered the mechanisms of aldB-mediated persister formation. To clarify the necessary conditions for persister reduction, we determined persister survival fractions of the aldB-knockdown strain in MOPS minimal medium with different carbon sources. aldB knockdown did not decrease persisters in any additional conditions tested, and persisters increased in the medium with glycolysis metabolites (glucose mannitol, fructose, glycerol and lactate), glyoxylate and some amino acids (serine and alanine). These findings show that aldBmediated persister formation is strongly affected by environmental conditions. Glycolysis metabolites switch the increase or decrease in persisters seen in the aldBknockdown strain; therefore, the glycolytic pathway may be related to aldB-mediated persister formation.
DISCUSSION
Previous studies have suggested that persister mechanisms are highly redundant and that environmental stress can induce different types of persisters. In this study, we hypothesized that persisters share some common features even if they have been cultured in different stress conditions; commonly expressed genes are promising targets for persister eradication. RNA-Seq analysis revealed commonly expressed genes and transcriptional regulators of E. coli persisters in stress conditions. Furthermore, we found a novel persister gene, aldB, which is commonly expressed in all stress conditions except for weak acid stress. Knockdown of this gene reduced persisters significantly in rich medium. We had hoped that this knockdown would reduce persisters in all environments; however, it did not decrease persister frequency in some stress conditions. Moreover, the same strain had increased persisters in the amino acid starved condition, which has not been observed previously. Therefore, we conclude that persister formation is strongly affected by environmental stresses.
Transcriptome analysis showed stressed persisters have phenotypes in common
In our RNA-Seq data, we detected genes and transcriptional factors related to nitrogen starvation response in persisters, suggesting activation of a stringent response and its downstream genes such as TAs. However, toxins were upregulated only in anaerobic persisters. In previous studies, several transcriptome analyses have shown that persisters contain higher concentrations of TA modules (15, 33, 53) . Consequently, persister enrichment, which has been achieved by using antibiotic-lysed cells, may affect expression of TA modules; however, persisters did not lyse after antibiotic treatment. In addition, recent studies have found that induction of TAs does not necessarily increase E. coli persisters in minimal medium or stress conditions and that metabolic flux homeostasis or ATP production is more important for persister formation (27, 54, 55) . We propose that persister formation in stressed conditions with MOPS minimal media does not simply depend on TAs, but also on other starvation responses involving CRP-cAMP, NtrC or AldB.
According to our analysis, genes related to oxidative stress responses such as dps and soxR are commonly expressed in persisters. Oxidative stress Fig. 4 . aldB and persister formation in each condition. (a) A MG1655 aldB-knockdown strain and no-gRNA control were cultured to exponential growth in LB medium containing up to 1 mM aTc and the cells treated with ofloxacin. Amounts of persisters were monitored for 5 hrs during ofloxacin treatment. Significant differences were observed between aldB knockdown (1 mM aTc) and no aTC, as well as between aldB knockdown and the nogRNA control. (b) aldB-knockdown and no-gRNA control strains were cultured in various conditions with 1 mM aTc to the exponential phase and amounts of persisters measured after 3 hrs of ofloxacin treatment. Knockdown of aldB significantly decreased persisters in LB medium and significantly increased persisters in amino acid starved conditions. (c) Amounts of persisters of an aldB knockdown strain were measured in the stationary phase. After 3hrs of exposure, ofloxacin persisters were decreased by aldB knockdown only in the non-stress medium; however, persister numbers did not change in the stress conditions. Ã , significant difference between the no-gRNA control strain and aldB-knockdown strain (P < 0.05; t-test). At least three biological replicates were performed for each experimental condition. Each data point represents the mean value AE SEM.
is known to affect persister formation. Oxidative stress induced by paraquat produces a dramatic increase in the number of persisters surviving after fluoroquinolone treatment because paraquat induces SoxRS, which in turn induces expression of the AcrAB-TolC multidrug-resistant pump (14) . Oxidative damage induced by ROS has also been proposed as a common contributor to killing by diverse bactericidal antibiotics (56) (57) (58) (59) . Although the role of ROS in antibiotic-mediated bacterial killing has recently become a matter of debate (60, 61) , antioxidants have been found to promote drug tolerance. Low level activation of the electron transfer chain and tricarboxylic acid cycle stimulates superoxide production, thereby reducing persisters in bacterial or fungal biofilms (62, 63) . Survival of multidrugtolerant persisters in Pseudomonas aeruginosa biofilms largely depends on ROS-detoxification enzymes under the control of ppGpp signaling. Therefore, we suggest that ROS stress responses (dps and soxR) are a key pathway in persister formation. Interestingly, human aldehyde dehydrogenase enzymes play a vital role in clearing ROS and reducing oxidative stress in cancer stem cells (64, 65) , which play a role similar to that of persisters in the fractional killing of cancer cells because these small subpopulations of tumor cells are characterized by dormancy, tumorigenesis and drug resistance (66, 67) . Aldehyde dehydrogenase inhibition leads to the death of cancer cells in vitro and in vivo through inhibition of ROS-induced transcription factors. Hence, aldehyde dehydrogenases are a potential therapeutic target for treatment of patients with prostate cancer. Bacterial persister cells are also confronted by oxidative stress and the mechanism of persister reduction in the aldBknockdown strain may be ROS damage clearance.
Differences in environmental conditions are one of the causes of inconsistencies observed between results of different laboratories
Although aldB is expressed in stressed persisters, knockdown reduces persister formation only in the non-stressed condition. The lack of congruence between results reported by different research groups is also a concern (42, 68, 69) . As an example, Wu et al. used mutants of 21 known candidate E. coli persister genes to assess the relative importance of genes involved in the persistence phenomenon. Though persisters of E. coli have been noted to depend on these genes, the mutants sometimes fail to show altered persister formation at different time points (70) . Similarly, some groups have reported conflicting results regarding cAMP (23, 51) . One possible explanation for these discrepancies is that experimental setups or unexpected mutations may affect activation of redundant pathways. Our results suggest that environmental stresses are one of the reasons for the lack of congruence between results, because we used identical strains, antibiotics and other experimental conditions, with the exception of medium composition. These findings may be clinically undesirable because persister genes identified in specific laboratory conditions may be ineffective or counterproductive in the stress conditions present during pathogenesis.
SUPPORTING INFORMATION
Additional supporting information may be found in the online version of this article at the publisher's web-site. Fig. S1 . An exponential phase culture of the VIP205 strain was treated with ofloxacin and persisters measured by determining the number of CFUs. Survival rate was below the limit of detection (0.001) in pH 7 culture medium. Fig. S2 . relA/spoT double knockdown and no-gRNA control strain were cultured to stationary phase in LB medium. Knockdown efficiency of relA and spoT was determined by quantitative RT-PCR. Expression in control strain was normalized as 100%. Fig. S3 . After release from anaerobic conditions and transfer to aerobic PBS, maturation of fluorescent protein was revealed in some bacteria. Subpopulations with high FRET signals are assumed to contain a Z-ring structure in anaerobic culture. Fig. S4 . FACS analysis of the constructed strain. The VIP205/pSMV1 population was divided into four subpopulations according to FRET and forward scatter signal intensities. P1 are assumed to be non-dividing cells because dividing cells exhibit FRET signals. Fig. S5 . Knockdown efficiency of aldB among various environmental stresses. Almost 90% of expression was suppressed by CRISPRi and there were no correlations between knockdown efficiency and change in persister numbers. Fig. S6 . Persister frequency of aldA, acs and dps knockdown strains. Table S1 . List of E. coli strain and plasmids. Table S2 . Primer sequences used in this study. Table S3 . Environmental applications of organoclays for sorption of phenol and its derivatives Table S4 . Commonly expressed genes in the four conditions. Table S5 . Transcription regulator the targets of which were significantly upregulated in up-regulated genes.
